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Abstract—An all solid-state approach to the precise frequency
synthesis and control of widely tunable terahertz radiation by
differencing continuous-wave diode lasers at 850 nm is reported
in this paper. The difference frequency is synthesized by three
fiber-coupled external-cavity laser diodes. Two of the lasers are
Pound–Drever–Hall locked to different orders of a Fabry–Perot
(FP) cavity, and the third is offset-frequency locked to the second
of the cavity-locked lasers using a tunable microwave oscillator.
The first cavity-locked laser and the offset-locked laser produce
the difference frequency, whose value is accurately determined by
the sum of an integer multiple of the free spectral range of the
FP cavity and the offset frequency. The dual-frequency 850-nm
output of the three laser system is amplified to 500 mW through
two-frequency injection seeding of a single semiconductor tapered
optical amplifier. As proof of precision frequency synthesis and
control of tunability, the difference frequency is converted into a
terahertz wave by optical-heterodyne photomixing in low-tem-
perature-grown GaAs and used for the spectroscopy of simple
molecules. The 3-dB spectral power bandwidth of the terahertz
radiation is routinely observed to be 1 MHz. A simple, but highly
accurate, method of obtaining an absolute frequency calibration
is proposed and an absolute calibration of 10 7 demonstrated
using the known frequencies of carbon monoxide lines between
0.23–1.27 THz.
Index Terms—Calibration, diode lasers, photomixing, source,
terahertz waves.
I. INTRODUCTION
ADVANCES IN laser technology are facilitating a numberof new areas of research in physics and chemistry such
as the coherent control of matter and a variety of applications
involving high-resolution spectroscopy. The generation of
coherent lightwaves in the terahertz or far-infrared frequency
region has been investigated by many researchers with limited
success and currently forms a frontier in optical science [1]. In
general, terahertz frequencies are suitable for the laboratory
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study of low-energy light–matter interactions, such as phonons
in solids, rotational transitions in molecules, vibration-rota-
tion-tunneling behavior in weakly bound clusters, electronic
fine structure in atoms, thermal imaging of cold sources, and
plasma dynamics. In remote-sensing applications, sources such
as interstellar molecular clouds are optically opaque due to the
large amounts of cold dust therein. As a result, these objects
absorb short wavelength radiation and reradiate most of it in the
terahertz region, making terahertz observations of interstellar
material in our own galaxy and external galaxies essential for
studying the origin and evolution of the universe. Another
important remote-sensing application is terahertz studies of the
upper reaches of both terrestrial and planetary atmospheres,
which also yield critical insights into the nature of atmospheric
chemistry and dynamics.
In order to realize the applications described above, various
types of terahertz sensors have been proposed and developed
for both high- and low-resolution applications. In the area of
high spectral resolution detectors, progress in cryogenic hetero-
dyne mixer technology has opened up the possibility of com-
plete coverage of the terahertz spectral region with low-noise
heterodyne receivers should suitable local oscillators (LO’s) be
developed. In the area of sources suitable for LO’s, molecular
gas lasers are available at moderate power and discrete frequen-
cies throughout the region, and electron beam tubes such as
backward-wave oscillators have been demonstrated to 1.5 THz
with milliwatt output powers and 10% bandwidth. P-type ger-
manium lasers also provide milliwatt output power and reason-
able tuning. Free-electron lasers can cover the entire terahertz
spectral region and provide very high power. These fundamental
oscillators are, at present, massive (from the standpoint of re-
mote-sensing platforms) and suffer from pulsed operation in
general, but research efforts are underway to reduce their size
and enable CW operation. Alternatively, harmonic up-conver-
sion from phase-locked microwave sources and down-conver-
sion from optical sources into the terahertz region now offer ex-
cellent frequency control and CW operation. However, to date,
both these approaches have suffered from poor conversion effi-
ciency and the low output power that results.
Optical heterodyne mixing (photomixing) in voltage-biased
low-temperature-grown (LTG) GaAs photoconductors with
planar terahertz antennas has recently become an attractive fre-
quency down-conversion method because it has demonstrated
relatively high conversion efficiency [2], [3]. An advantage
of the down-conversion technique over harmonic generation
is that the terahertz source produced by application of op-
tical/near-infrared (IR) lasers onto a semiconductor photomixer
is widely tunable. Diode-laser-based systems are particularly
0018–9480/00$10.00 © 2000 IEEE
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Fig. 1. Schematic diagram of the three DBR laser system that synthesizes
a precise difference frequency. The indicated laser frequencies represent the
actual values to generate the terahertz wave at 1.267 THz.
promising in this type of application since they combine low
power consumption and long lifetime in an inexpensive and
compact package [4], [5]. Such systems have already been ap-
plied to laboratory spectroscopy by several authors [6]–[8]; but
the frequency accuracy of the terahertz-wave output obtained
in previous studies has not been sufficient for high-resolution
laboratory spectroscopy or heterodyne remote-sensing appli-
cations.
In this paper, we present a method for synthesizing a near
optical difference frequency with the precision necessary for
high-resolution terahertz applications. In order to demonstrate
the system capability, the difference frequency was turned into
a terahertz wave with an LTG–GaAs photomixer and used
for spectroscopy. Since the output power of the difference
frequency synthesizing laser is marginal or not sufficient to
efficiently generate terahertz radiation, the optical radiation
is amplified through the master-oscillator power-amplifier
(MOPA) technique in the final stage of the laser system. The
MOPA provides sufficient power to take full advantage of the
quadratic dependence of the photomixing process on pump
laser power [2] or to drive difference frequency generation
in any good nonlinear optical materials should they become
available. It should be further noted that this method of differ-
ence frequency synthesis can be used at any optical or infrared
wavelength where suitable lasers and optics exist.
II. LASER SYSTEM DESIGN AND PERFORMANCE
A. General Concept
The light source of the difference frequency system consists
of three diode lasers, as is depicted in Fig. 1. Each laser diode
is outfitted with a collimating lens, a length tunable external-
cavity assembly, and the necessary optics to circularize and fiber
couple the optical radiation. Alignment is maintained by a com-
pact aluminum rail structure. All the optical signal processing
components are implemented in polarization-maintaining (PM)
single-mode fiber. The optical components used and their layout
is shown in Fig. 1. Commercial components were used when-
ever available, but some homemade components were neces-
sary. The fiber optics offer flexibility, compactness, insensitivity
to vibration, ease of optical alignment, and eye protection. The
optical fiber also serves as a spatial filter, allowing two dif-
ferent laser frequencies to be combined with nearly perfect spa-
tial mode overlap. The latter is critical in the Fabry–Perot (FP)
etalon alignment, in achieving equal amplification in the final
MOPA stage, and in efficient photomixer operation. The major
drawbacks of the fiber-based optical system as opposed to a
free-space approach are the increased cost and the optical in-
sertion losses of the PM fiber. Due to the coupling losses, the
output power of the present laser system was insufficient to op-
timally pump the photomixer used to generate terahertz waves.
As a result, a tapered amplifier was employed as the final optical
element before the photomixer once it had been determined that
the spectral properties of the seed lasers were preserved in the
amplification process [14].
Frequency control is achieved by locking two of the lasers
(#1 and #2) to different longitudinal modes of an ultra-low-ex-
pansion (ULE) FP etalon. The difference frequency between
the two cavity-locked lasers is discretely tunable in steps of the
cavity free spectral range (FSR). The third laser (#3) is hetero-
dyne phase locked to one of the cavity-locked lasers (#2) with
a tunable 3–6-GHz microwave synthesizer. The difference fre-
quency between the #1 and #3 lasers is determined by the sum
of integral multiples of the FSR (3 GHz in the present system)
of the reference cavity and the microwave offset frequency. The
accuracy of the difference frequency is determined by the ac-
curacy of the FSR measurement along with any dc offset in
the electrical portions of the lock loops. The microwave offset
frequency is locked to a high accuracy (1 in 10 ) reference
source and measured by a counter locked to the same reference
in order to correct, in real time, any electrical offset in that lock
loop. The ULE material has a thermal expansion coefficient at
room temperature of C , which is com-
parable to the stability of a good quartz reference oscillator in
conventional microwave sources. As will be described later, the
measurement of molecular transitions allows any dc offsets in
the two cavity-locked loops to be determined and the system to
be calibrated to very high precision. The optical and electrical
details of all the major subsystems of this terahertz difference
frequency generator are described in detail in the next few sec-
tions.
B. Laser Assembly and Control
The full schematic of the external-cavity diode laser as-
sembly is presented in Fig. 2. The assembly consists of an
SDL5722 852-nm 150-mW distributed Bragg-reflector (DBR)
diode laser, an mm collimating lens, an external cavity
comprised of a 4% partial reflector mounted on a piezoelectric
transducer (PZT), an anamorphic prism pair, a 60-dB optical
isolator, an mm optic, and a adjustment flexure for fiber
coupling. The actual external cavity is formed by a roof-top
mirror glued onto a 20% beam-splitter cube. The edge of the
roof-top mirror is oriented along the short axis of the elliptical
beam from the DBR laser, which is more sensitive to the tilt
angle than is the long axis. As such, the round-trip mirror
configuration offers relatively alignment-free optical feedback.
The reflector and DBR laser chip constitute an external cavity
with a length of approximately 50 mm. The 3 : 1 aspect ratio
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Fig. 2. Schematic diagram of the external-cavity DBR laser assembly.
Fig. 3. Frequency of the external-cavity laser plotted against the PZT control
voltage. The triangles represent the tuning curve during which the temperature
of the DBR laser is fixed, and the circles represent that with temperature
tracking.
beam transmitted through the partial reflector is circularized
by the anamorphic prism pair to achieve better spatial overlap
with the PM fiber and thereby improve the coupling efficiency.
These components are assembled in a 250-mm-long aluminum
rail to maintain alignment. The typical optical power coupled
into the PM fiber was approximately 30% of the original
power emitted from the DBR laser. The transmission of the
free-space optics in the laser assembly was measured at 70%,
while the fiber-coupling efficiency was typically 50%. The
theoretical maximum fiber-coupling efficiency calculated from
the measured beam size and the fiber core size is 60% of the
DBR power. The best coupling ever achieved by this optical
system was 55%. Other power losses include the use of a
passive 3-dB directional coupler to combine the output laser
beams and ∼1-dB losses at each fiber connector. As a result, the
typical power available at the fiber output port is 30 mW. The
difference in the typical and maximum powers is due to slight
thermal deformations in the rail assembly and the slow buildup
of dust and dirt in the fiber connectors over time.
The DBR diode laser coupled to the external-cavity oscillates
at the cavity mode that is the closest to the gain maximum of the
DBR laser. The FSR of the external cavity was 3 GHz, cor-
responding to the separation between the partial reflector and
DBR chip. The laser frequency is continuously tunable since
the external cavity’s FSR can be tuned by the PZT at the rate
of 160 MHz/V. The continuous PZT tuning range is limited
by mode hops to different transverse external cavity modes fa-
vored by the gain profile of the DBR laser. This effect, for a
DBR laser operating at fixed temperature and current, is shown
in Fig. 3 by the triangles. In order to avoid such mode hops,
the laser’s temperature can be adjusted to maximize its gain
at the external-cavity mode frequency, completely suppressing
the mode hops and facilitating continuous tuning over the PZT
tuning limit of 5 GHz (which corresponds to 15 V), as shown
by the circles in Fig. 3. Coarse frequency tuning spanning 700
GHz is available by changing the laser temperature over the
range from 5 C to 30 C (or 27 GHz/K). Although the injec-
tion current also affects the laser frequency ( 600 MHz/mA),
the current was normally set to be constant unless fine or fast
frequency tuning was necessary, as is described in Section III.
Stable diode laser operation requires that both the injection
current and the temperature be precisely controlled. A low-cost
high-performance control circuit has been designed in order to
satisfy the control criteria. The current controller was adapted
from Libbrecht and Hall’s work [9] to suit the anode–ground
configuration of the DBR lasers. The current is controlled by
comparing a reference voltage to a voltage drop produced by the
laser current through a series resistor. The circuit components
of this current source were carefully chosen to maximize the
dc and thermal stability. The voltage reference was an Analog
Devices 584L (temperature coefficient 3 ppm/ C), while the
sense resistor was a 33.3- four-lead Vishey resistor (tempera-
ture coefficient 0.5 ppm/ C). The sensing circuit was designed
with filters to eliminate response above 10 kHz and with low-
noise low-offset voltage op-amps (Analog Devices 784B) to
drive a field-effect transistor (FET) (IRFD-120) that provides
the output current of 0–300 mA. An average current noise of 7
nA/Hz over the range of 5–2000 Hz at 150-mA dc current
has been measured. The noise declines to immeasurable levels
by 10 kHz. The laser temperature is stabilized by a bridge cir-
cuit incorporating both differential drive and detection using the
DBR laser’s built in thermistor and thermo-electric cooler. The
thermal time constant of a DBR laser mounted in the aluminum
rail is 24 s, but the temperature control circuit achieves a loop
bandwidth of 12 Hz. The temperature can be set in 16-bit steps
from 3 C to 30 C by a serial-controlled digital/analog (D/A)
converter. As with the current controller, careful selection of
low-noise circuit components was essential, and a temperature
stability of better than 1 mK has been achieved. The observed
long-term unlocked frequency stability (1 h) of the DBR is 300
MHz. The current supply, temperature controller, and PZT con-
troller, including the frequency stabilization circuit, are fabri-
cated on a 4 in 6 in circuit board that is connected to a com-
puter through a serial interface for monitor and control purposes.
This single board design has the advantages of compactness,
high performance, and low cost.
In spite of the much lower level of optical feedback than that
of conventional external-cavity diode lasers, a significant nar-
rowing of the laser linewidth was realized. The linewidth mea-
sured by the delay-line self-heterodyne technique was narrower
than 500-kHz full width half at maximum (FWHM), which is
near the spectral resolution limit imposed by the optical delay
length of 200 m. This linewidth is a significant improvement
over the free-running DBR linewidth of several to several tens
of megahertz. According to a previous study on the frequency
stability of diode lasers at various feedback levels [10], our case
falls into the weak feedback regime where stable single-mode
narrow-line oscillation should be observed. If the feedback level
is higher than this regime, but still lower than the original laser
chip facet’s feedback, the oscillation becomes unstable and the
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Fig. 4. Dispersion signal of the cavity fringe used for frequency stabilization.
coherence collapse results in a drastic line broadening. This ef-
fect has been observed at a feedback level of 20% with the
same optical configuration. If much more intense feedback is
applied or if the laser chip facet is AR-coated, stable narrow-line
oscillation in a strong feedback regime could again be obtained
with somewhat improved linewidths, but such intense feedback
would impose a steep cost on the available output. It should
be noted that the optical feedback in this system is electrically
equivalent to a very fast feedback circuit. The reasons for using
optical feedback instead of fast electrical feedback will be ad-
dressed in the following section.
C. Frequency Stabilization
The P1 and P2 lasers were cross polarized in order to allow
them to be locked to different longitudinal modes of the ULE
etalon by the Pound–Drever–Hall method [11], [12]. FM side-
bands were generated on the two cavity-locked lasers with elec-
trooptic phase modulators (EOM) operating at 80 and 120 MHz,
respectively. The modulation index was chosen to maximize the
phase shift seen in the reflection from the cavity. To verify cou-
pling to the fundamental longitudinal cavity mode, the trans-
mitted beam profile was monitored by a charge-coupled de-
vice (CCD) camera. Since density and humidity changes in air
can cause FSR fluctuations through refractive index changes,
the cavity was installed in a sealed box, which was evacuated
and then back filled with dry nitrogen so that the density in-
side the box was constant. The phase of the beam reflected
from the cavity was compared to that of the modulation in a
frequency multiplier (Analog Devices 834Q). When the laser
frequency is within the modulation frequency of the cavity res-
onance, the output of the frequency multiplier provides a dc fre-
quency dispersion, which crosses zero at the cavity resonance.
Fig. 4 shows the dispersion curve at the mixer output obtained
by sweeping the laser frequency through the cavity resonance.
The central linear portion of the dispersion curve centered at the
cavity is used to generate an error signal voltage, which is fed
back to the PZT of the external laser cavity with a simple servo
electronic circuit consisting of an integrator and an amplifier.
The linear part of frequency discriminator shown in Fig. 4 is
4 MHz, in accordance with the FSR of the cavity of 3 GHz and
its finesse of 750. As can be seen in Fig. 4, the pull-in range of
this locking method is limited by the distance to the upper and
lower sidebands, or two times modulation frequency (160 and
240 MHz). In the present laser system, the loop bandwidth of
the PZT control circuit was limited to 3 kHz to avoid acoustic
resonances in the support structure of the partial reflector and
the PZT. It was observed that only 200 Hz of bandwidth was
required for stabilization, but the additional bandwidth was re-
tained to facilitate sweeping of the offset laser.
The offset-locked laser is stabilized to a beat note signal be-
tween the #2 and #3 lasers detected by a 6-GHz bandwidth pho-
todetector and compared to tunable frequency generated by a
microwave synthesizer. In order to implement a phase lock with
the same electronics as the cavity lock, the signal was split with
one arm sent through a delay line, and the resulting phase shift
between the two signals was used to generate the error signal
for the PZT of the #3 laser. The delay line has an effective refer-
ence frequency of 71.9 MHz. However, concerns about the ac-
curacy and stability of this effective lock frequency led to the
use of a counter. The offset frequency is measured precisely
by a microwave counter locked to a high-precision reference,
making any drifts or offsets in the phase-locked scheme irrel-
evant to the system calibration. The offset frequency can be
continuously tuned over 5 GHz by stepping the synthesizer fre-
quency and tracking the PZT voltage. The maximum sweep rate
of 100 MHz/s is limited by the feedback loop bandwidth.
The overall system performance was assessed by observing
a beat note between the #1 and #3 lasers with a 25-GHz band-
width photodetector and a spectrum analyzer. Fig. 5 shows a
12-GHz beat spectrum for a 1-s integration time and a spectral
resolution of 100 kHz. The FWHM spectral power bandwidth
is approximately 800 kHz and much narrower than that of the
previous laser systems for the photomixing, i.e., 2–5 MHz [6],
[8]. This result confirms the self-heterodyne linewidth measure-
ments of 500 kHz. The short-term linewidth of each laser is
determined entirely by the optical feedback from the external
cavity because the 3-kHz bandwidth of the locked loop circuit
is much less than the laser linewidth. Short-term (50 ms) DBR
linewidths of 50 kHz have been achieved by weak optical
feedback from FP cavities [7]. The additional narrowing is due
to a 180 phase shift over a narrow (60 MHz) cavity width com-
pared to the same phase shift over 1.5 GHz in the scheme pre-
sented here. Fast electronic feedback to the laser current can also
be used to narrow the laser linewidths [13], but the DBR lasers
used here have some unfortunate characteristics that made this
impractical.
Indeed, stabilization and narrowing of 850-nm DBR lasers
with electrical feedback was attempted in the first design it-
eration of this laser system. The DBR lasers have two means
of modulation. The first is ohmic heating of the active region
by the injected current. Since the active region of the laser is
fairly small, this process is fairly fast and has a 3-dB knee near
600 kHz. The tuning rate is 580 MHz/mA when the diode chip is
under active temperature control. The other effect is a change in
the index of refraction due to the electrons injected into the ac-
tive region. This effect is almost instantaneous (many gigahertz
of bandwidth), and has a magnitude of only 10% of the thermal
effect, from which it is 180 out of phase. Due to the differing
magnitudes of the two modulation effects, there is no null in
the modulation response, but there is a 180 phase shift in the
modulation response once 1.2 MHz is reached. Unfortunately,
this is considerably slower than the observed natural linewidth
of 3–10-MHz FWHM, depending on where in relation to the
ideal current the laser was operating. It was observed that the
384 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 3, MARCH 2000
Fig. 5. Spectrum of the beat note signal between the #1 and #3 lasers.
center frequency of the DBR lasers could be stabilized with cur-
rent feedback and less than 10 kHz of locked loop bandwidth,
but no linear locked loop fully encompassing the 1.2-MHz 180
phase-shift point could be developed to narrow the laser output.
As a result of these unfortunate phase shifts, optical feedback
has been adopted as the preferred method of narrowing a DBR
laser. A combination of optical and electrical feedback may ulti-
mately prove to be the best method of narrowing the DBR laser;
however, this has not been attempted at this time.
One problem experienced in the system design was the rel-
atively large temperature changes in our laboratory and the re-
sulting changes of temperature equilibrium in the external cavity
and laser themselves. The PZT voltage generally compensates
for these drifts, but they were on many occasions large enough
to exceed the PZT error signal limit. This, coupled with the
DBR laser’s propensity to wake up in one of two modes sepa-
rated by approximately 30 GHz, led to active stabilization of the
temperature of the laser rails. Once this was done, all-day-long
cavity locks of the laser have been routinely achieved without
adjusting the temperature of the laser itself. Additionally, with
the active temperature stabilization, the DBR lasers routinely
turn on and equilibrate to within a few megahertz of where they
were last used. The long-term frequency stability of the system
when locked to the ULE cavity is as good as our ability to de-
termine the center of the 500-kHz linewidth and it is has been
repeatable to that accuracy for a period of several months.
D. Dual-Frequency MOPA Operation
Since the maximum output power of the fiber-coupled laser
system is 30 mW and the optical alignment was critical to
provide such power levels, it was marginal or not sufficient
to efficiently generate terahertz radiation by photomixing. In
order to provide a margin in the output power, we amplified
the dual-frequency signal with a single traveling-wave 850-nm
semiconductor tapered optical amplifier, which was the central
component of a commercial external-cavity single-mode laser
(SDL8630). A detailed description of the dual-frequency MOPA
system and its properties has been given elsewhere [14].
The output power of the MOPA was 500 mW and constant
to within 5% over the entire range of the difference frequency
( 1.3 THz). The injection seeded bandwidth of such ampli-
fiers is of order 20–25 nm [15], and two frequency amplifica-
tion should, therefore, be feasible to offsets of some 10–15 THz
with appropriate seed lasers. The power ratio between the am-
plified two frequency components was close to unity over a wide
range of difference frequencies, specifically from 10 GHz to
1.3 THz. Unbalanced amplification between the two frequencies
caused by a nonlinear gain effect occurred only at difference fre-
quencies lower than 10 GHz [14]. The spectrum of beat signal
between the two frequency outputs was identical to that of the
master laser as long as the difference frequency was greater than
10 GHz.
Dual-frequency MOPA operation has the advantages of high
power output and guarantees excellent spatial overlap of the
two frequency beams, which is essential for efficient optical-
heterodyne conversion. The available maximum output power
of previous diode laser sources for photomixing was less than
100 mW, while the present MOPA system provides 500-mW
output. Unfortunately, since the maximum pump laser power
which the small active area LTG–GaAs photomixers used in this
study can handle is limited to approximately 50 mW by their
thermal failure [16], we had to attenuate the MOPA output ap-
propriately. As a result, the terahertz output power is limited to
sub- W levels. The development of large-area traveling-wave
photomixers, which can handle laser powers well in excess of
500 mW, will allow us to take full advantage of high power of
the MOPA [17]. Further, the MOPA is useful not only for pho-
tomixing in the LTG GaAs, but also for difference-frequency
generation with nonlinear optical media that have much higher
damage thresholds than LTG GaAs.
III. TERAHERTZ-WAVE GENERATION
As described in Section I, the dual-frequency laser system
can generate terahertz waves by difference frequency mixing
in LTG–GaAs ultra-fast photoconductors or other nonlinear
optical media. Here, we demonstrate the performance of the
laser system with high-resolution rotational spectroscopy of the
simple molecules acetonitrile (CH CN) and carbon monoxide
(CO). Due to the lack of spectral-analysis techniques in the
terahertz region, spectroscopic measurements provide one of
the best diagnosis of frequency and spectral purity, which is
essential if this source is going to be useful as a LO.
A. Spectroscopy
The LTG–GaAs photomixer used in the present experiment
was grown on a semiinsulating GaAs substrate, and a planar
log-spiral antenna with 0.2- m interdigitated electrodes and
1.8- m gaps in a 8 8 m active area was etched on the
wafer [16]. The photomixer was mounted on the flat surface
of a 10-mm-diameter hyper-hemispherical lens made of
high-resistivity silicon. Most of the radiation generated by the
antenna and electrodes passes into the photomixer substrate and
through the Si lens. A dc-bias voltage of 20 V was applied to
the electrodes by a constant current supply set at 0.5 mA. The
output power of the MOPA was attenuated to 30 mW in order to
keep the input power to the photomixer well below the thermal
failure threshold. Under these conditions, the photomixer
provided a maximum output power of 0.1 W at 1 THz,
which is similar to the values obtained in previous reports [3],
[6]–[8], [16]. The spectral bandwidth of the generated terahertz
waves was approximately 700 GHz, in accordance with the
carrier lifetime of the LTG GaAs of – fs and the
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Fig. 6. Second-derivative absorption spectrum of CH CN J = 16 ! 17
rotational transitions near 312 GHz. The inset is expanded view of the C
isotopic features.
photomixer time constant, where is the radiation
impedance and fF is the electrode capacitance [16].
The terahertz-wave output beam from the photomixer was
collimated with a combination of the silicon hyper-hemispher-
ical lens and a Teflon lens. The collimated beam was passed
through an 8-cm-long 1-in-diameter gas cell fitted with poly-
ethylene windows for absorption spectroscopy. The beam trans-
mitted through the cell was weakly focused with a Teflon lens
and fed into a 4.2-K InSb hot-electron bolometer or a 1.8-K
composite Si bolometer. The tone-burst modulation [18] was
used to obtain the absorption spectra of various molecules. A
major advantage of the tone burst method for terahertz spec-
troscopy, as compared to traditional FM modulation, is that sen-
sitive detection with slow detectors such as silicon composite
bolometers can be achieved. The injection current of the #1
cavity-locked laser was modulated with a 2-MHz tone, above
the cavity-locked-loop bandwidth, at a 10-kHz burst rate. A
lock-in amplifier, detecting at 10 kHz, was used to demodulate
the detector signal generating the traditional second derivative
of molecular absorption features. Since the modulated laser is
different from the swept laser, power variations in the swept
laser are not modulated.
Fig. 6 presents the absorption spectrum of the CH CN J
rotational transitions near 312 GHz. The spectrum
was taken with a sweep rate of 2 MHz/s, and is plotted as a func-
tion of the microwave offset frequency. The data were recorded
at seven sample/s with a lock-in amplifier. The spectrum shows
the well known -structure of a symmetric top, with compo-
nents from – assigned in the spectrum. The ,
lines, which are separated by 6 MHz, are clearly resolved. The
gas pressure was 60 mtorr, and the observed linewidths are con-
sistent with a convolution of pressure broadened linewidths and
the instrument response. The minimum detectable absorption of
this system is estimated to be 10 , and is detector noise lim-
ited. As shown in the inset of Fig. 6, the spectral lines of the
C-isotopomer of acetonitrile, which has a natural abundance
of roughly 1%, could be also detected with a signal-to-noise
ratio of 20, consistent with the detection limit. These results
indicate that the spectral purity, frequency control, and output
power of this system is sufficient for the laboratory spectro-
scopic study of molecules at terahertz frequencies, as well as
many LO applications.
TABLE I
MEASURED AND CALCULATED CO
ROTATIONAL FREQUENCIES
B. Frequency Calibration
For further spectroscopic measurements, such as the search
for unknown molecular lines and for use in astronomical ob-
servations, absolute frequency calibration of the difference fre-
quency is necessary. Since the accuracy of the difference fre-
quency is defined by the reference FP cavity, the calibration
must include a precise measurement of the FSR of the cavity.
Once the exact value of the FSR is obtained, the difference fre-
quency can be determined, in principle, to within an accuracy
of 10 , if temperature fluctuations of the cavity are kept
below 1 C, because of the extremely low thermal expansion
coefficient of the ULE material. Well-known molecular lines in
the terahertz region, such as the rotational transitions of carbon
monoxide (CO), are suitable for accurate calibration since the
frequencies of these terahertz molecular transitions correspond
to 300 times the FSR and can be easily measured to within an
accuracy of 10 . A number of measurements and the careful
use of statistics should allow for a rapid calibration of 10 .
Other FSR measurements have been proposed and demonstrated
to better than 10 [19], but these require the use of expensive
fast EOM’s matched to the cavity FSR.
Pure rotational transitions of CO were measured using the
same configuration as the acetonitrile measurements. According
to the conventional model for the diatomic C O molecule,
the rotational transition lines should appear at frequencies of
, and
, where MHz,
MHz, MHz, is the Planck
constant, and is an integer [20]. Absorption measurements for
CO lines with J – over the range of 230–1267 GHz
were carried out by measuring the microwave offset frequency
and counting the number of cavity orders between the two
cavity-locked lasers. The line position was determined by fitting
a parabola to the center of the second derivative line profile. The
measured and calculated rotational frequencies and their differ-
ences are summarized in Table I. The final measured frequen-
cies were obtained using the calibrated FSR value of the cavity
as follows. The cavity FSR for each CO line is simply calcu-
lated by dividing by the cavity-order difference be-
cause the dc offset of the difference frequency caused by the
dc offset voltage of the locked loop circuit was statistically in-
significant. From this data set, the average of the FSR value for
all CO line measurements was determined to be 2 996 757.48
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Fig. 7. Result of the FSR measurements by CO lines for J = 1–10. The
deviation of the FSR values from their average are shown as a function of the
cavity-order difference.
0.10 kHz. Fig. 7 shows the deviation of the FSR values from
their average as a function of the cavity-order difference. Even
if the scatter of the data around the average value is real, the fre-
quency dependence of the FSR over a 1.3-THz span is constant
to within 1 kHz. The absolute frequency accuracy of 10 is
at least one order of magnitude better than that obtained in pre-
vious work [6]–[8]. In this approach, the frequency accuracy is
limited by our ability to determine the center of the line profiles,
which, in turn, ultimately depends on the instrumental resolu-
tion and the signal-to-noise ratio of the spectrum. It should be
noted that the FSR could be a function of cavity order due to
dispersion of the refractive index of the cavity coatings. How-
ever, no variations are convincingly observed and the expected
effect is smaller than the current precision [19].
IV. CONCLUSIONS
The photomixer used in the experiments reported here
provides a maximum output power of approximately 0.1 W
at 1 THz for a pump laser power of 30 mW. A straightforward
extrapolation of the quadratic dependence of the terahertz-wave
power on the laser power leads to the prediction that some
10 W of power should be obtainable using the present laser
system, whose maximum 850-nm power is 500 mW. However,
the maximum pump laser power is currently limited to approx-
imately 50 mW by thermal failure of the photomixer [16], and
the output power measured in previous work has, therefore,
been limited to levels of 1 W [3], [6]–[8], [16]. To solve
this thermal problem, photomixers with distributed electrode
structures and higher thermal conductivity substrates are being
developed [16], [17], [21]. Such photomixers can be driven at
the full output of the high-power laser system reported here, and
will ultimately produce power levels of nearly 10 W at 1 THz.
Larger frequency offsets are easily obtained with additional
DBR lasers or by using grating-tuned external cavity diode
lasers [15]. The current power levels are already sufficient
for spectroscopic applications in the 3–6-THz region if more
sensitive detectors than those available here are used (e.g.,
Ga:Ge photoconductors or superconducting microbolometers
coupled to planar antennae).
The three laser difference frequency generation and control
method presented here is quite general and could be extended
to a large number of different lasers. The absolute calibration
method is also quite general and can be widely employed, as
long a method of generating a terahertz-wave output is avail-
able. This frequency control technique is especially important
in the 1–2 terahertz region, where comparison to a harmoni-
cally up-converted frequency reference may be difficult or im-
possible. The use of an MOPA as a dual-frequency amplifier
should facilitate the use of this control method with the next
generation of photomixers based on nonlinear optical media
such as LiNO , GaP, GaAs, and quantum-well materials. At op-
tical source frequencies, down-conversion methods using non-
linear optical materials might be more efficient than electroop-
tical down-conversion with photoconductors because the effi-
ciency of the optical down-conversion, in general, has a de-
pendence in the long-wavelength limit [22]. The present laser
system design provides the necessary control to take advan-
tage of any improvements in conversion efficiency using such
methods. Further development of nonlinear optical materials
and novel devices with large at diode laser frequencies is
also expected in the near future, making precision difference fre-
quency generation essential for their use as terahertz sources.
Finally, the type of terahertz source demonstrated here should
be useful not only for terahertz spectroscopy but also as LO’s for
future airborne and space-borne terahertz heterodyne receivers
to be used in atmospheric science and astronomy. The advantage
of space-borne telescopes in the terahertz range is their contin-
uous wide-frequency coverage, which is prevented by strong at-
mospheric water line absorption at low altitudes. The wide tun-
ability of a photomixer-based LO system will make it possible to
construct highly tunable heterodyne receivers with a single LO
and single mixer. Properties of the current laser system such as
its small size, low power consumption, and fiber-connectorized
optics also make it highly suitable for space-borne instruments.
The development of such remote-sensing terahertz spectrome-
ters is currently in progress.
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